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INTRODUCTION
Reactive Oxygen Species (ROS) in cells play crucial roles in gene transcription, proliferation/survival of cells and cellular defenses. 1 However, an uncontrolled production of ROS leads to many detrimental effects and cell toxicity. 2 To defend against ROS deleterious effects the cells are equipped with effective anti-oxidant responses in the form of ROS scavenging enzymes or other anti-oxidant molecules. Red
Blood Cells (RBCs), compared with many other cell types, are highly susceptible to ROS generation, as hemoglobin (Hb) is a significant source of superoxide generation. 3, 4 At the same time, RBCs are equipped with a large supply of anti-oxidant enzymes (superoxide dismutase, catalase, Peroxiredoxin, etc.) to combat increased ROS formation which, if left unbalanced, can affect plasma membrane proteins, lipid peroxidation and compromise RBC viability resulting in intra and extra-vascular lysis. 3, 4 Therefore it is not surprising that mice with reduced cellular anti-oxidant responses [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] have a poorly compensated anemia and decreased erythroid responses to stress. In addition to genetic impairments in direct antioxidant responses (i.e., enzymes and factors involved in anti-oxidant signaling), there is a host of other genetically impaired pathways that compromise terminal erythroid differentiation or influence Eporesponses especially after stress. [15] [16] [17] [18] [19] [20] [21] [22] In the great majority of these cases, attempts to compensate for RBC losses lead to increase erythropoiesis at early stages (ineffective erythropoiesis) and to splenomegaly in mice.
Although factors influencing basal erythropoiesis, i.e., Erythropoietin (Epo), stem cell factor, GATA-1, are also required for stress erythropoiesis, it is generally believed that the latter is controlled by additional and distinct molecular networks. This view is supported by the fact that many mouse models with impaired responses in stress related molecules (see Supplemental Table 1 for References) have a normal basal erythropoiesis. During stress Bone Morphogenetic Protein 4/hedgehog signaling and hypoxia are necessary for expanding a specific subset of progenitors within the murine splenic environment to quickly address stress demands for RBC production. 17, 18, 20 Since the ability of these special progenitor cells to respond to stress depends on cues from the microenvironment (ME) of the spleen rather than the bone marrow (BM), distinct erythroid cell/ME interactions are apparently at play in the former but not the latter environment under stress. Although the spleen has been recognized as the favored ME for stress response in the mouse, the specific ME/Hematopoietic cell interactions responsible for the differences between BM and spleen environment have not been defined. Several cellular (i.e., macrophages or endothelial cells) or extracellular matrix molecules (i.e., fibronectin, laminins, Tenascin-C, glycosaminoglycans, Heparin Sulphate Proteoglycans, etc.) are presumed to be responsible for these differences, however, definitive conclusions are lacking thus far.
We have previously described a compromised response to erythroid stress in mice with β1-integrin deficiencies. 23 These mice do not mount a splenic erythroid response to hemolytic stress, but the mechanistic underpinnings of their poor stress response were not defined. In the present study we evaluated a large number of mice during steady state erythropoiesis and unveiled that mice with β1
integrin deficiency have an uncompensated anemia with ineffective erythropoiesis and poor RBC survival, largely because of their susceptibility for ROS accumulation and inability to mount effective anti-oxidant responses. Beyond these effects at terminal erythroid maturation, post-stress impairment in erythroid proliferative expansion in spleen is dependent on α5β1 rather than α4β1 signaling responses.
Collectively our data shed new light on the roles of integrins in erythropoiesis both at homeostasis and after stress.
METHODS
Mice and treatments
Tie2Cre+ α4f/f mice and MxCre+ β1f/f mice were described previously. 23 MxCre+;α4f/f,β1f/f mice (Dko) were obtained by breeding α4f/f mice to MxCre+ β1f/f mice. PolyI-C treatment of these mice was done as described 23 for interferon-induced Cre activation. Phenylhydrazine (PHZ) treatment was done as described. 23 For 5-fluorouracil (5-FU) experiments mice received a single injection of 5-FU (200 mg/kg) and recovery was followed up to 32 days. For FAK15 inhibitor experiments, see Legend of Suppl. Figure   3A for details. All experiments with mice were approved by University of Washington Institutional Animal Care and Use Committee. Peripheral blood profiles (cell counts and erythrocyte parameters) were done using HEMAVET 950FS (DREW Scientific Inc).
RBC life span
Mice were injected with 100 mg/kg EZ-Link Sulfo-NHS-Biotin (Thermo Scientific) and percentage of circulating biotinylated RBCs were analyzed by FACS after staining with streptavidin-Cy5.
H 2 O 2 -induced RBC lysis
RBCs at 4% hematocrit were washed in phosphate buffered saline/20 mM glucose, incubated with various concentrations of H 2 O 2 for 3 hours at 37º C and percentage of non-lysed RBCs were determined by FACS in the live RBC gate.
Flow cytometry
Antibodies to mouse β1 integrin, α5 integrin, TER119, CD71, CD117 (c-Kit), LPAM (α4β7), phosphop38 MAPK, phospho STAT5 were from BD Biosciences, anti-mouse α4, PS/2 was from Southern
Biotech. Reticulocytes were measured by flow cytometry after staining an aliquot of whole blood with thiazole orange (0.1 mg/L, Molecular Probes) and gating on red blood cells.
ROS measurement
For total ROS, cells were labeled with CD71, TER119 and c-Kit antibodies, washed, loaded with CM-H2DCFDA (Molecular Probes) for 20 min at 37º C and analyzed by FACS. In some experiments, after loading with DCFDA cells were treated with H 2 O 2 (10 µM) for 20 min before FACS analysis. For mitochondrial ROS, after surface labeling cells were washed, loaded with MitoSox Red and or
MitoTracker Green (Molecular Probes) for 30 min at 37ºC and analyzed by FACS.
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CFU-C assays
To quantify committed progenitors of all lineages, 50,000 BM cells, 500,000 of splenic cells or 50 to 250 microliters of peripheral blood were cultured in semisolid methylcellulose medium supplemented with cytokines (ReachBio) for 7 days and colonies were scored.
Real time PCR
Kit-positive and TER119-positive cells were enriched by magnetic beads and RNA was isolated, reverse transcribed using High Capacity RNA-to-cDNA Kit (Applied Biosystems) and qPCR was performed using SyberGreen reagent (Applied Biosystems) with primer pairs listed below.
Primers for qPCR
Forward Reverse
RESULTS
β1
Δ/Δ mice have a modest uncompensated anemia and decreased RBC survival
Previous observations have shown that for erythroid cells the most relevant β1 integrin heterodimers are the α5β1 and α4β1. 23, 24 Although our present focus is erythropoiesis, it is important to emphasize that in our mice integrins were deleted in all hematopoietic cells. As indicated in Fig. 1A Figure 1B .) Collectively the data focusing on erythroid cells suggest that impairment in accumulation of late maturation forms of erythroid cells is responsible for the uncompensated anemia in β1 Δ/Δ and Dko, rather than insufficient production from earlier progenitors.
Erythroid cells from β1 Δ/Δ and Dko mice have increased ROS
As the RBC survival was significantly shortened in β1 Δ/Δ and Dko mice, we tested whether the short survival was due to ROS accumulation in both reticulocytes (CD71 + /TER119 + ) and mature RBCs showing abnormal ROS levels, we assessed ROS levels in TER119 + erythroblasts and kit+ cells in BM.
ROS levels in TER119 + cells were significantly increased in all mutant mice compared to controls ( Fig.   2A ), whereas ROS in Kit + cells were higher in β1 Δ/Δ and Dko mice ( MAPK 25 and Stat5 6, 16 were modestly decreased or unchanged in β1 Δ/Δ and Dko mice in contrast to expected increases as redox sensors (Fig. 2B ). Nrf2 8, 12 was also no different from controls (data not shown). Moreover, it is important to emphasize that after oxidative stress induced by PHZ treatment, the differences from controls in catalase and other anti-oxidant enzymes (PRDX2 and SOD) were exaggerated, especially in Dkos, in which even lower levels were present after stress (Fig. 2C ). These data emphasize the inability of integrin-deficient erythroid cells to cope with any increase in ROS levels because of inappropriate responses in several signaling molecules participating in anti-oxidant defenses.
Most importantly when mRNA arrays were done using Kit + cells at homeostasis from controls, α4 −/− or β1 Δ/Δ mice (Suppl. Table 3 ) the levels of several ROS-scavenging enzymes were decreased in β1
providing an independent confirmation of these findings.
α4 vs. α5 integrins likely elicit different signaling responses post stress
One of the distinct differences between α4 −/− compared to β1 Δ/Δ and Dko mice is the splenic response to erythropoietic stress. 23 Stress-driven erythroid expansion is not impaired in the spleen of α4 −/− mice. 23 This would indicate that proliferative expansion of early erythroid cells is independent of α4-expression, but their proliferation and or survival requires α5β1 integrins. Do these two α-integrins elicit different signaling pathways responsible for stress-induced erythroid proliferation in spleen?
Focal Adhesion Kinase (FAK) is a nodal integrator of signal transduction from integrin-enriched Focal Adhesion sites mainly responsible for propagation of integrin-dependent signals. 26 However, signaling pathways activated by specific integrins are distinct and not necessarily FAK-dependent. 27 For example it has previously been shown that α5β1 and α4β1 integrins stimulate motility in fibroblasts, neural cells or macrophages through distinct mechanisms: a FAK/Pyk2 linkage is essential for α5-signaling, but not for α4-dependent signaling, which depends only on c-Src activation 28, 29 and paxillin can promote α4-mediated macrophage chemotaxis independently of FAK. 30 Consequently, it can be proposed that for erythroid proliferative expansion in spleen, as occurs in α4 −/− mice, the α4/c-Src-dependent signaling is dispensable. If instead the α5/FAK-dependent signaling is responsible, then inhibition of this signaling should phenocopy the response of β1 Δ/Δ mice to stress. To test this possibility we treated normal mice with the FAK inhibitor FAK14 and tested their response to PHZ-induced stress. The response in the treated mice was significantly impaired as judged by decreased erythroid expansion in spleen (with much less effect on erythroid maturation) (Suppl. Fig. 3A ). These data would support our thesis that the splenic proliferative response is dependent on α5β1/FAK-mediated signaling. As there is a feedback loop between FAK and p53 regulation, we also tested p53 activity in Dko erythroid cells (TER 119 + ) post-PHZ stress (Suppl. Figure 2C ). Increased cytoplasmic p53 levels were seen in Dko cells compared to controls.
This result is consistent with the view expressed previously 31 that FAK binds and sequesters p53 from apoptotic signaling. 32 This finding also introduces p53 dysregulation and crosstalk with α5β1function, as described for glioma cells, 33 however further studies are needed to consolidate these findings.
Dko mice have a more severe phenotype than β1 Δ/Δ mice
Although there was a significant phenotypic variability among Dko animals, the average phenotype of Dko mice at homeostasis appeared somewhat more severely compromised than that of β1 Δ/Δ mice.
Differences between β1 Δ/Δ and Dkos have important implications in data interpretation. β1 Δ/Δ mice, as seen in Fig. 1A , display significant levels of α4-integrin on their surface, almost half or more of which is in the form of α4β7 (antibodies for anti-α4 show always higher levels than Abs against α4β7, but α4β7 is virtually absent in erythroid cells). To provide further evidence or to seek a clear cut difference among β1 Δ/Δ and Dko mice we generated further data, either after acute stress (a single PHZ injection or single high Epo injection), or after 5-FU or irradiation induced injury to proliferating cells.
Treatment of Dkos with PHZ or with Epo were suggestive for more severe impairment in Dko mice, since these mice started to die at earlier times or responded somewhat less to Epo than β1 Δ/Δ mice did (Fig. 3A) . However, the data after a single 5-FU treatment or after 700 cGy irradiation were more informative. Both approaches are dependent on regeneration from earlier progenitor cells than the acute hemolytic stress, i.e., post-PHZ, which leaves the late progenitors and Epo-dependent erythropoiesis
intact. There was a significant difference in survival after 5-FU treatment, since less than 20% of the Dko animals survived the treatment in contrast to 100% survival in β1 Δ/Δ mice (Fig. 3B) (Fig. 4C, upper panels) .
Taken together the data clearly indicate that erythroid responses are severely compromised in Dko mice. As post-stress erythroid progenitor expansion was largely unaffected in BM and Spleen in α4 −/− mice (in contrast to β1 Δ/Δ and Dkos) 23 , it follows that post-stress, any combinatorial effect of α4 is exercised either at the progenitor level, pointing to a newly uncovered influence not seen in α4 −/− because of α5 redundancy, or/and at the terminal maturation level in which a defect, albeit of different severity is seen in both α4 −/− and β1 Δ/Δ mice. The data post 5-FU and irradiation favor the latter possibility because of selective severity in erythroid response. It is worth emphasizing that in both the β1 Δ/Δ and Dko mice the effects seen were by and large cell autonomous, since in 5-FU experiments normal recipients reconstituted with Dko or β1 Δ/Δ cells were used (Fig. 3B, upper panels) .
DISCUSSION α5 and α4 integrins in erythropoiesis: Early vs. late effects
Several pieces of evidence presented herein document that β1 Δ/Δ or Dko mice have an uncompensated anemia at homeostasis with signs of ineffective erythropoiesis and shortened RBC survival likely because of their inability to counteract chronic ROS accumulation. As a result, membrane changes through protein oxidation and lipid peroxidation would affect membrane fluidity and stability 3, 4 leading to hemolysis.
Since a similar picture is not seen in the absence of only α4-integrins ([α4β1;α4β7] −/− ) the data would suggest that the absence of other integrin heterodimers in β1 Δ/Δ or Dkos alone or in combination are responsible for this phenotype.
Integrins expressed in differentiated erythroid cells (mainly α4β1 and α5β1) and their interactions with fibronectin (Fn) in their ME have been previously emphasized as critical for completing terminal maturation steps. 24, 34, 35 Specifically, on the basis of in vitro studies using fetal liver cells, it was concluded that Epo and Fn regulate distinct steps in the erythroid differentiation process; an early, Epodependent /integrin independent step, and a late Epo-independent/integrin-dependent one. Further, by using Fn fragments engaging either α4-or α5-integrins or both, it was concluded that only α4, not α5, supports terminal differentiation. Thus only α4-integrin was thought to be responsible for protecting erythroid cells from apoptosis (through BcL-xL) during the Epo-independent phase of erythropoiesis. 35 In contrast to these data, Kapur et al., 34 using Kit Ligand-mediated signaling during G1E-ER2 GATA-1 cell differentiation, concluded that α5 and α4 have opposing effects on the growth and survival of erythroid cells as they differentiate; there was greater proliferation in cultures containing α5β1 adhesion sites compared to cells grown in suspension, or in cultures containing α4β1 adhesion sites. These results were paralleled by activation of FAK by α5β1 and its reduction by engaging α4β1. Several of our in vivo findings with genetically deficient mice are at variance with some of the prior conclusions. Our data emphasize the importance of α5β1 in proliferative expansion of erythroid cells post stress and in that respect are consistent with those of Kapur, et al. 34 However, our data do not confirm the opposing proliferative effects of α4 vs. α5 described in the latter study. 34 Further, our data are consistent with an influence of α4-integrin on terminal erythroid maturation, as stated by Hattangadi et al., 35 but they disaffirm their conclusions about any role for α5-integrin. There are several caveats concerning these prior studies that may explain the differences. Hattangadi et al. 35 
Integrin-dependent signaling in erythroid cells
How are the phenotypic differences between α4-and α5-integrins molecularly mediated? Is the redox-triggered α5β1 vs. α4β1 signaling in erythroid cells distinct? Very little is known about the precise downstream signaling pathways that are integrin-dependent in erythroid cells, although more is known in non-hematopoietic cells. 27, 29, [37] [38] [39] [40] [41] [42] Thus, oxidative stress is assumed to modulate cell to cell adhesion by affecting expression of adhesion molecules (i.e., α5 to Fn or αv to vitronectin). [37] [38] [39] [40] [41] Furthermore, in fibroblasts, neural cells or macrophages, migratory signals elicited by α4β1 are distinct from those elicited in the same cells by α5β1. [27] [28] [29] [30] Their motility was dependent on α5/FAK signaling, but this was dispensable for α4β1-mediated signaling mediated through c-Src activation instead. In hematopoietic cells integrin-dependent FAK signaling is thought to be important in integrating growth/survival signals, especially under stress. 43 FAK is activated by integrins and is responsible for amplifying integrin induced signals. 43 FAK −/− mice show impairment in both Kit-and Epo-directed signals, although controversial data exist on this issue. 44 Since in our mice proliferative responses in the spleen appear to be dependent on α5β1 and not α4β1, it follows that after engagement of α5β1 integrins, the FAK-recruited complexes and their downstream initiated cascades are likely involved (Suppl. Fig. 3B ). The fact that treatment of normal mice with an anti-FAK inhibitor partially phenocopies the response of β1 Δ/Δ mice post stress supports this view (Suppl. Fig. 3A) . It is also intriguing that mice with deletion of Src kinase Lyn, SHP1 and SHIP-1 phosphatases 45 have a similar phenotype to that of α4 −/− mice, suggesting that progenitor expansion is not dependent on Src signaling. Further molecular details that involve redox-based activation of α5/FAK signaling and their downstream effectors will require future studies, particularly in genetic models with integrin ablation only in erythroid cells.
Phenotype of Dko mice
In addition to differences between α4-and β1-deficient mice, results in mice with complete absence of all α4-and β1-dependent integrins (Dko), presented for the first time in the present study, provide an added insight on how integrins affect erythropoiesis. The Dko mice have a more severe phenotype than the β1 Δ/Δ mice both at homeostasis (Fig. 1 ) and after stress (Fig. 3) , indicating that the existing α4 on the surface of β1 Δ/Δ cells, as seen with anti-α4 Abs (see Fig. 1A ) may contribute to some amelioration of the phenotype, but this is exacerbated in the complete absence of both α5 and α4 (A) Spectrum of RBC morphology seen in Dko mice with less or more anemia changes consistent with ineffective erythropoiesis are seen. PB smears were fixed and stained using PROTOCOL Hema 3 kit from Fisher Scientific. Photographs were taken of distilled water mounted slides at room temperature using a Nikon Coolpix 995 digital camera mounted to the ocular of an Olympus BHT-2 microscope at original magnification x40. Images were uploaded into a computer, and Adobe Photoshop was used to correct brightness and contrast. (B) Levels of circulating white blood cells, platelets and hematopoietic progenitors in peripheral blood. A significant mobilization of myelo-erythroid progenitors was seen in peripheral blood (PB) of all mutant mice consistent with our previously published data, 23 but an additive or synergistic effect was seen in Dko mice. The number of platelets was also increased in β1 ∆/∆ and Dko mice through an as yet unclear mechanism. These changes reflect the fact that integrins are deleted at the stem/progenitor level. Cells in suspension were pre-fixed in 4% paraformaldehyde at 4º C for 10 min and after washing, stained with polyclonal FoxO3 Ab (1:100, Millipore) for 1 hr at 37º, followed by Alexa 594 goat anti-rabbit IgG secondary antibody (Molecular Probes). After washing, cells were again fixed with 4% paraformaldehyde, washed and mounted in Vectashield/DAPI (Vector Labs). Images were acquired at RT using a Leica DMLB fluorescence microscope (original magnification x 60) and a Spot RT Slider camera and SPOT Advanced software (Diagnostic Instruments Inc.).
(B) Nuclear and cytoplasmic expression of FoxO3a in the spleens of Wild Type and Double knockout mice (Dko). Mice were treated with PHZ (100 mg/kg) on day 1 and sacrificed on day 4. CD71+ fraction was obtained by magnetic column enrichment using CD71-PE antibody (BD Bioscience) and anti-PE magnetic beads (Miltenyi Biotec). Nuclear and cytoplasmic fractions were obtained with NE-PER Nuclear and Cytoplasmic Extraction Reagent (Thermo Scientific) resolved by 7.5% PAGE and transferred on nitrocellulose membrane. Western blotting was performed using anti-FoxO3a or Lamin A/C, or α-Tubulin antibody (Cell Signaling), followed respectively by anti-Rabbit-HRP or anti-mouse-HRP antibody (Santa Cruz), and ECL detection (Thermo Scientific).
(C) Expression of p53 in BM and spleens of Wild Type and α4β1, double knockout mice. Mice were treated with PHZ (100 mg/kg) on day 1 and sacrificed on day 4. Ter119+ fraction and CD71+ fraction was obtained from BM and spleen respectively by magnetic column enrichment using Ter119-biotin or CD71-PE antibody (BD Bioscience) and anti-biotin or anti-PE magnetic beads (Miltenyi Biotec). Cytoplasmic fractions were obtained with NE-PER Nuclear and Cytoplasmic Extraction Reagent (Thermo Scientific) resolved by 7.5% PAGE and transferred on nitrocellulose membrane. Western blotting was performed using anti-p53 or anti-Tubulin antibody (Cell Signaling), followed by anti-mouse-HRP antibody, (Santa Cruz) and ECL detection (Thermo Scientific)
FoxO3a
Cytoplasmic fraction Tubulin Control mice received daily injections of FAK inhibitor 14 (25 mg/kg, Tocris Bioscience) (n=7, experimental group, white bars) or vehicle (DMSO, n=7, control group, black bars) for 4 consecutive days (day 1 to day 4) and on day 2 received a single injection of PHZ (100 mg/kg). All animals were sacrificed on day 4. At sacrifice the following parameters were measured: Hematocrit, BM and spleen cellularity and progenitors (CFU-C and BFU-e) in peripheral blood, BM and spleen as well as erythroid maturation profile in BM and spleen. * indicates significant difference over control group, P< 0.05. Supplemental Figure 3B . Important participating pathways leading to proliferative expansion of erythroid cells (mainly in the spleen) during stress. Following genetic impairment of several pathways (i.e., Kit, GC-R, TR-α, and β1 integrins in a cell intrinsic manner, see Suppl. Table 1 for references), proliferative erythroid expansion in the spleen is severely compromised even in the presence of adequate levels of Epo. It is possible that β1 integrins, (specifically α5β1) intercept at least some of these known pathways, but the molecular details and cooperating/interacting molecules are missing (illustrated by dashed lines). Interpretations of the influence of these pathways and their signaling intermediates are complicated by the fact that these pathways have not been selectively eliminated in erythroid cells. Consequently, it is not clear at what stage of erythroid differentiation the FAK-or Src-dependent signaling is exerted, early or late or both, and future studies should clarify these issues.
